Bovine pyruvate dehydrogenase phosphatase (PDP) is a Mg2+-dependent and Ca2+-stimulated heterodimer that is a member of the protein phosphatase 2C family and is localized to mitochondria. Insight into the function of the regulatory subunit of PDP (PDPr) has been gained. It Both phosphorylated El (P-E1) and PDP must be bound to the 60-mer icosahedral dihydrolipoamide acetyltransferase (E2) component of PDC to obtain a maximum rate of dephosphorylation. Ca>2 apparently mediates the specific binding of PDP to E2 in juxtaposition to P-El (7). This orientation decreases the apparent Km of PDP for P-El (7) and for Mg2> (6) . There appears to be two Ca2+-binding sites, one intrinsic to PDPc and a second produced by association of PDP with E2 (2).
Pyruvate dehydrogenase phosphatase (PDP) is a mitochondrial protein serine/threonine phosphatase that catalyzes the dephosphorylation and concomitant reactivation of the pyruvate dehydrogenase (PDH or El) component of the PDH multienzyme complex (PDC) (1, 2) . A catalytic subunit of PDP (PDPc) is a member of the protein phosphatase 2C family (3).
PDP is a heterodimer consisting of a Mg2+-dependent and Ca2+-stimulated PDPc of Mr 52,600 and a flavoprotein (that we will call PDPr) ofMr 95,800 with hitherto unknown function (2, 4, 5) . The apparent Km of PDP for Mg2> varies with the assay buffer from about 1.5 to 5 mM. The apparent Km for Ca>2 is -1 ,uM (5, 6) .
Both phosphorylated El (P-E1) and PDP must be bound to the 60-mer icosahedral dihydrolipoamide acetyltransferase (E2) component of PDC to obtain a maximum rate of dephosphorylation. Ca>2 apparently mediates the specific binding of PDP to E2 in juxtaposition to P-El (7) . This orientation decreases the apparent Km of PDP for P-El (7) and for Mg2> (6) . There appears to be two Ca2+-binding sites, one intrinsic to PDPc and a second produced by association of PDP with E2 (2).
At subsaturating concentrations of Mg2>, PDP activity is stimulated by polyamines, particularly spermine (8) . Like Ca2+, spermine decreases the apparent Km of PDP for Mg2+ but by a different but hitherto unknown mechanism (6, 8, 9) . This paper reports that PDPr decreases the sensitivity of PDPc to Mg2+ and that this effect is reversed by spermine, which apparently interacts with PDPr. These observations are potentially significant in understanding the molecular basis of the insulin-induced activation of the mitochondrial PDP.
MATERIALS AND METHODS Materials. Highly purified PDC and PDP were prepared from bovine kidney mitochondria (10, 11) . Recombinant PDPc was expressed in Escherichia coli and purified to near homogeneity (3). EB and E2 were obtained by resolution of the PDC (11) . The E2 contained small amounts of tightly bound E3-binding protein (protein X) and PDH kinase (E2-X-K complex). The peptides RRASVA and RRATVA were prepared manually by solid-phase synthesis using Boc-Ala-Pam resin and Boc-protected amino acids (Peptides International (12) . The reaction was terminated by adding 2 ml of 60% acetic acid, and the solution was passed through an anionexchange column (1.0 x 4 cm) of Dowex 2X8-100 equilibrated with 30% acetic acid. The flowthrough, which contained the phosphopeptide, was lyophilized. The peptide was dissolved in 1 ml of 25 mM Tris-HCl (pH 7.3), 0.1% 2-mercaptoethanol, and the pH was adjusted to 7.3 with 1 M Tris (pH 10).
PDP Assay. PDP or PDPc was diluted in buffer A containing 1 mg/ml of BSA and an aliquot was preincubated at 30°C for 2 min with 10 mM MgCl2 and 0.1 mM CaCl2 (except where noted). The reaction was initiated by adding an amount of P-PDC or P-El containing -0.1 nmol of 32P-labeled phosphate groups in a final volume of 40 ,ul. The reaction was Abbreviations: PDH or E1, pyruvate dehydrogenase; PDC, PDH complex; P-E1, phosphorylated E1; P-PDC, phosphorylated PDC; E2, dihydrolipoamide acetyltransferase; PDP, pyruvate dehydrogenase phosphatase; PDPc, catalytic subunit; PDPr, regulatory subunit.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. terminated after 90 s by adding 200 ,ul of 20% trichloroacetic acid. The mixture was centrifuged at 12,000 rpm for 2 min in an Eppendorf microcentrifuge, and a 200-,l aliquot of the supernatant fluid was transferred into 1 Effect of Ca2+ on Sensitivity of PDP and PDPc to Mg2+. With P-El complexed with E2 (i.e., P-PDC) as substrate, but not with uncomplexed P-E1, and in the presence of a saturating concentration of Mg2+, Ca2+ stimulates the activity of PDP about 10-fold. Ca2+ decreases the Km of PDP for complexed P-E1 (7) and for Mg2+ (6) . As shown in Fig. 1 (6, 8, 9) . With P-PDC as substrate and in the presence of a saturating concentration of Ca2 , 0.5 mM spermine increased the sensitivity of PDP to Mg2+, but had little, if any, effect, on the sensitivity of PDPc to Mg2+ (Fig.  2) . The apparent Km of PDP for Mg2+ was decreased about 5-fold by spermine. With uncomplexed P-E1 as substrate (E2 absent), spermine had little, if any, effect on the sensitivity of PDP to Mg2+ (Fig. 2) . These findings indicate that spermine interacts with PDPr and that both PDP and P-E1 must be bound to E2 to observe spermine stimulation of PDP activity. (5, 7). Both Ca2> and spermine increase the sensitivity of PDP to Mg2> (i.e., decrease the Km of PDP for Mg2+) but by different mechanisms (6, 8) . Ca2+ also decreases about 20-fold the apparent Km of PDP for P-El complexed with E2 (7). Ca2+ apparently mediates the specific binding of PDP (or PDPc) to the 60-mer E2 in juxtaposition to the bound P-El, resulting in an intramolecular dephosphorylation (Fig. 3) . In the absence of Ca>, PDP does not bind to E2 so that the dephosphorylation is intermolecular and less efficient. Although not indicated in Fig. 3 , a mechanism must exist to permit movement of a PDP Proc. Natl. Acad. Sci. USA 93 (1996) minutes of exposure of rat adipose tissue to insulin, is accompanied by a net dephosphorylation of complexed P-E1, and results in stimulation of PDP activity (16) . This latter stimulation is characterized by a decrease in the Km of the phosphatase for Mg2+, but apparently by a Ca2+-independent mechanism (6, 8, 9) . That spermine apparently mimics the action of insulin has been noted (6, 8) . The recent observation that the insulin-induced stimulation of PDC activity in rat fat cells is insensitive to wortmannin suggests the existence of a distinct signaling pathway leading to the activation of PDP (17) . Several investigators have proposed that the insulininduced activation of the mitochondrial PDP is mediated by a putative inositol phosphate glycan produced from a glycolipid precursor(s) in the plasma membrane by a phosphatidylinositol-specific phospholipase C (18, 19 
